Abstract − This paper describes a SIMULINK block set for the behavioral simulation of RF receivers. Building blocks are modeled including their main circuit-level non idealities. These models are incorporated into the SIMULINK environment making an extensive use of C-coded S-functions and reducing the number of library block elements. This approach reduces the simulation time while keeping high accuracy, what makes the proposed toolbox very appropriate to be combined with an optimizer for the automated high-level synthesis of radio receivers. As a case study, a direct-conversion receiver intended for 4G telecom systems is modeled and simulated using the proposed toolbox. †1
extension of the block library and adding of new blocks or models without requiring the qualified contribution of a programmer. The toolbox includes a complete list of RF circuit models that take into account their main circuit limitations. These models are implemented by properly combining elementary SIMULINK library blocks with S-functions in order to decrease the computational cost [9] . As an application, a direct-conversion receiver for GSM/UMTS/Bluetooth/WLAN is modeled based on the presented approach.
II. PROPOSED SIMULINK RF BLOCK SET
The presented toolbox includes a library of RF building blocks that are needed to implement RF receiver front-ends, namely: Low Noise Amplifiers (LNAs), mixers, oscillators, filters and Programmable Gain Amplifiers (PGAs). There is also a library including other blocks like the antenna, duplexer filter and antenna switches, required to implement reconfigurable architectures. Behavioral models of building blocks include the main ideal functionality as well as the following non-idealities:
• Thermal noise, characterized by the Noise Figure ( NF) and the Signal-to-Noise Ratio (SNR).
• Nonlinearity, commonly expressed by the input-referred 2nd-and 3rd-order intercept points, IIP 2 and IIP 3 , respectively [10] . In addition to these general parameters, some block specific errors have been also included, like for instance, oscillator phase noise and mixer offset [10] . All these models have been incorporated in the proposed SIMULINK toolbox as described below.
A. Amplifiers
There are two kinds of amplifiers included in the toolbox: LNAs and PGAs. Both of them are modeled by the block diagram shown in Fig.1 . It consists of a S-function block that includes the non-linear characteristic of the amplifier followed by a Gaussian noise source which is added at the output node †1. This work has been supported by the Spanish Ministry of Science and Education (with support from the European Regional Development Fund) under contract TEC2004-01752/MIC. Note that the model in (1) can be easily implemented by using SIMULINK elementary library blocks as shown in Fig.2 . However, this causes the MATLAB interpreter to be called at each time step, slowing down the simulation time drastically. This problem is aggravated as the circuit complexity increases, yielding to excessive CPU times which can be prohibitive to use these models as an evaluation vehicle in an optimization loop. This is true even using the SIMULINK accelerator [9] .
In order to avoid this problem, the non-linear characteristic has been codified using C-compiled S-functions. For this purpose, SIMULINK provides different S-function templates which can accommodate the C-coded computation model of different systems. These templates are composed of several routines that perform different tasks required at each simulation stage. Once the S-function has been created, it is compiled by using the mex utility provided by MATLAB and the resulting object files are dynamically linked into SIMULINK when needed [9] .
B. Mixers
Fig .3 shows the mixer model included in the toolbox. In addition to the main operation, the model incorporates a non-linear block and an additive thermal noise source in a similar way to the amplifier model. Note that there is an additional gain path, , that is used to model the so-called direct feedthrough effect of RF components caused by mismatch-induced asymmetries in the mixer [10] .
C. Filters
The model used for filters, shown in Fig.4 , is very similar to that used for the amplifiers and mixers except for the filtering function itself − implemented by a SIMULINK library element. In addition, a voltage gain is used to compensate for filter attenuation. Note that different kind of filter functions, either lowpass (for baseband) or bandpass (for RF) are considered as well as main synthesis methods, namely: Butterworth, Chebyshev, Cauer and Bessel.
D. Oscillators
Quadrature oscillators have been incorporated in the toolbox. As illustrated in Fig.5(a) , the model consists of two sinewave (In-phase and Quadrature) signals of amplitude 1V and 90º phase shift. There are two important errors included in the model: I/Q imbalance and phase noise. The former is modeled as shown in Fig.5(b) , by including a phase and amplitude mismatch implemented with SIMULINK elementary blocks.
Phase noise has been modeled by using SIMULINK library blocks as illustrated in Fig.5(c) , in which an additive noise source is generated, digitally filtered and added to the phase of the original signal, , giving [10] : (2) where and are the amplitude and frequency of the signal, respectively, and stands for the phase noise.
E. Antenna and switch
The model used for the antenna includes an additive thermal noise source and the test signal. The latter is different depending on the test applied to verify the corresponding standard figures, as will be shown in next sections. In the case of multistandard receivers, a switch block is required to model the connection of separate RF paths, one per standard. This block is modeled as a non-linear block in a similar way to amplifiers, mixers and filters. Figure 2 . Implementation of (1) using SIMULINK library blocks. 
III. APPLICATION TO MULTISTANDARD RECEIVERS
As an application of the capabilities of the presented toolbox, a multistandard Direct-Conversion Receiver (DCR) has been modeled using the building blocks described in previous sections. The corresponding block diagram in SIMULINK is shown in Fig.6 . This receiver architecture is commonly used in multistandard applications because it eliminates the need for both IF and image rejection filtering and requires only a single oscillator and mixer [11] . In order to cope with the requirements of the different standards, separate (switchable) RF hardware paths (normally one per standard) are used whereas a single, digitally-programmed baseband section (from the mixer to the ADC) is implemented [12] . It is important to mention that the receiver includes the signal processing from the antenna to the Analog-to-Digital Converter (ADC). However, this block is implemented by simply including a non-linear function and additive noise similarly to an unity-gain amplifier [13] .
In this example, the multistandard receiver in Fig.6 must fulfill the performance requirements of four standards: GSM, Bluetooth, UMTS and WLAN, summarized in Table I . These requirements are normally mapped onto building-block specifications (gain, dynamic range, linearity, and noise figure) in an iterative synthesis process, generally referred to as receiver planning [3] .
A complete receiver planning − beyond the scope of this paper − can be done by combining the proposed toolbox with an optimizer, in which every building-block specification is a design parameter that has to be found out for given specifications. Another application of the toolbox might be to find out the specifications of one building block, assuming fixed specifications for the remaining blocks in the receiver. As an illustration of this process, the ADC effective resolution was obtained considering that the specifications of the other blocks in the receiver chain were those given in Table II − extracted from previously reported designs [13] †2 . For that purpose, an iterative simulation-based procedure was done considering the propagation of the different standard test signals through the receiver front-end. Fig. 7 depicts the propagation of the maximum and minimum signal (sensitivity) levels ( and , respectively) from the antenna to the ADC input, together with that of noise and distortion for the WLAN standard. Note that the Signal-to-(Noise+Distortion)-Ratio ( ) peak at the ADC input is measured as the difference of to the noise plus distortion. The test recommended by the standard with maximum spurious signals is also included, with being the wanted signal level.
IV. SIMULATION RESULTS
The DCR in Fig.6 was simulated considering the building-blocks specifications shown in Table II . Different test signals and interferers (in-band blockers, out-band blockers, adjacent channel signals, etc.) were applied in order to verify the receiver performance according to the standard specifications. As an illustration, Fig.8 depicts the level diagram of these signals when they are propagated through the receiver chain for the UMTS case.
The main performance metrics of RF receivers are NF, IIP 2 and IIP 3 . The contribution of each building block to the overall value of these figures can be evaluated by using the proposed toolbox. This is illustrated in Fig.9 where the evolution of NF and IIP 3 through the receiver is represented for each standard. Finally, Table III sums up the simulated performance of the receiver which is in good agreement with specifications.
CONCLUSIONS
A set of SIMULINK blocks has been proposed for interactive simulation of RF receivers. The building-block models, including main non-ideal effects, have been incorporated in MATLAB by combining SIMULINK library elementary blocks with C-coded S-functions. As an application of the capabilities of the presented toolbox, a multistandard receiver is modeled and simulated to verify the correct performance of the system for GSM, Bluetooth, UMTS and WLAN standards. 
